Date pits (DP) and sawdust (SD) were used as precursors for activated carbons which were prepared by steam pyrolysis of DP and chemical activation of SD, respectively. Surface characterization of both activated carbons was undertaken using the BET method. Adsorption of the radionuclides onto the activated carbon was studied as a function of shaking time, adsorbent mass and pH employing the batch technique. Such adsorption was strongly dependent on the pH of the aqueous medium in contact with the adsorbent, with the removal efficiency attaining a maximum at pH 6. The process was very fast initially, with maximum adsorption being attained within 180 min of initial contact. The adsorption rate could be best fitted by the pseudo-second-order kinetic model. The equilibrium data were analyzed using the Freundlich, Langmuir, Langmuir-Freundlich, Dubinin-Radushkevich, Temkin and Frumkin isotherms. The Langmuir-Freundlich and Frumkin equations were found to best represent the equilibrium data for both radionuclides. The isotherm model constants were determined and used to characterize the distribution of 60 Co and 134 Cs ions onto the adsorbent surfaces and to provide an insight into the affinity of the adsorbents towards these ions.
INTRODUCTION
Egypt is a country with a high population density. Accordingly, the widespread and rapid increase in the use of radioactive materials is occurring in many applications employed in Egypt, viz. nuclear medicine, industrial radiography, agriculture, teaching and research. Moreover, there are several nuclear installations in the country, e.g. two research nuclear reactors (2 MW and 22 MW), reactors for physics research and isotopes production, 40 000 Ci cobalt sterilization facilities, 20 MeV cyclotron facilities and a 1.5 MeV electron linear accelerator facility. Relatively short-lived radionuclides, 60 Co (t 1/2 ϭ 5.3 y) and 134 Cs (t 1/2 ϭ 2.1 y) are present in low-level aqueous wastes discharged from nuclear facilities. These are the most important radionuclides in terms of their potential dosage to humans during the operation of a disposal facility (Russell 1993) . Traces of these radionuclides may remain in the waste solutions generated in the chemical processing laboratories. When such radioactive waste solutions are disposed of into the ground, the radionuclides may be transported with the water and adsorbed by inorganic particulate matter and/or deposited into bottom sediments, thereby causing an adverse situation for living beings. Hence, there is a need for a suitable and economically viable method to treat such radioactive waste before its secure disposal.
Methods applied for the removal of metal ions from solutions include chemical precipitation, solvent extraction, ultrafiltration, biochemical treatment, ion-exchange and adsorption (Nassar et al. 2004) . Of these methods, adsorption has been preferred over other processes because of its cheapness, simplicity and the high-quality treated effluents it produces. The adsorption of pollutants from solution plays an important role in wastewater treatment since it eliminates the need for huge sludge-handling processes. Well-designed sorption processes have a high efficiency, resulting in a high-quality effluent after treatment which can be recycled or safely disposed. Several types of adsorbents have been developed in recent years. Activated carbons have attracted particular interest in the treatment of radioactive liquids wastes. They are effective materials for the treatment of radioactive liquid wastes because they have an affinity towards certain ions or groups of ions from both acidic and alkaline solutions. Furthermore, their high stability towards chemicals, radiation and heat, as well as their rigid porous structure and mechanical strength, give them considerable advantages over other adsorbent materials (Biniak et al. 1997) .
The present paper focuses on the preparation of activated carbon and its applicability for the treatment of aqueous solutions containing 60 Co and 134 Cs ions as a function of shaking time, adsorbent mass and pH. Activated carbon was prepared from low-cost agricultural by-products which are available locally in Egypt. Of these, date pits and sawdust are two of the most appealing materials because they are produced in large quantities from food industries and at sawmills as a solid waste with no economic value. Such a process would serve a double purpose. Firstly, it would convert undesirable, surplus agricultural waste, of which millions of tonnes are produced annually, to useful value-added adsorbents. Secondly, the activated carbon produced would find increasing applications in water treatment and in other fields. This would contribute to solving many current-day environmental pollution problems.
MATERIALS AND METHODS
All the reagents and chemicals used were of A.R. grade as obtained from Merck. De-ionized water was used throughout the experimental work.
Preparation of activated carbon
Whole date pits and sawdust which had been washed clean were dried in an air oven at 80 ЊC for 48 h, such treatment having been shown to be effective in facilitating subsequent crushing and grinding. This starting raw material is denoted below as DP for date pits and SD for sawdust. Subsequently, 50 g of the crushed DP or SD was soaked in 50 mᐉ of 10% calcium acetate and 70% H 3 PO 4 , respectively. The resulting slurries were stored overnight at 80 ЊC and then transferred to a stainless steel reactor (i.d., 40 mm; length, 60 cm) with narrow ports of 10 mm diameter at both ends. Exhaust gases and liquid condensates were vented through these openings. The reactor was placed in an electric tube furnace and heated at a rate of 50 ЊC/10 min to allow the evolution of volatiles and then maintained at 700 ЊC for DP and 500 ЊC for SD (with steam at 350 ЊC being introduced in the case of the DP sample). The samples were held at the respective final temperature for 1 h. After cooling, the mass obtained was subjected to thorough washing with hot water until the washings were neutral, then dried at 110 ЊC for 24 h and finally stored in tightly closed bottles. The carbon yields for both sample types were in the range 38-43%. The surface areas and total pore volumes (V p ) were determined by nitrogen adsorption at -196 ЊC employing a Quantachrome Instruments model Nova 1000e series automatic adsorption instrument.
Batch experiments
Adsorption measurements were carried out in batch mode at 24 Ϯ 1 ЊC unless specified otherwise. To prepare the labelled solutions, 10 mᐉ of cobalt nitrate solution and 10 mᐉ of caesium nitrate solution were labelled with 60 Co and 134 Cs tracer, respectively, and a 1 mᐉ aliquot withdrawn and assayed to assess the initial activity. Then 10 mᐉ of each of the remaining solutions was placed in a series of 50 mᐉ glass reagent bottles and shaken with a known amount of dry activated carbon for a given time period. Adjustment of the pH was undertaken employing HCl and NaOH solutions as necessary. After the necessary time period, the solution in a given reagent bottle was filtered through a Whatman No. 40 filter paper (circular, 14.0 cm diameter). The first 2-3 mᐉ portions of the filtrate were rejected because of the adsorption of ions onto the filter paper. The concentrations of 60 Co and 134 Cs ions in the filtrates were determined by means of a high-purity Ortec HPGe solid-state detector coupled to a multichannel analyzer (4096 channels). The 60 Co and 134 Cs activities were calculated from the 1173 keV and 600 keV peaks, respectively, by means of a computer program (Nucleus). In each case, the concentration was corrected for losses due to adsorption onto the walls of the glass bottles by running blank experiments (i.e. without the addition of activated carbon). The amounts of 60 Co and 134 Cs ions adsorbed onto the activated carbon were computed using the following relationship:
(1)
where C 0 and C e are the initial and equilibrium concentrations of 60 Co and 134 Cs ions (µg/ᐉ), V is the volume of the solution (mᐉ) and M is the weight of carbon employed (µg).
RESULTS AND DISCUSSION

Characteristics of adsorbents
Figure 1 overleaf illustrates the nitrogen adsorption isotherms obtained for DP and SD carbon at -196 ЊC. It is clear that these isotherms are a mixture of Type I and Type II isotherms as defined in the BDDT classification (Brunauer et al. 1940) . Although the adsorption isotherms for the two samples were quite similar, the adsorption capacity of SD carbon was significantly greater than that of DP carbon. The pore-size distributions of both activated carbons are displayed in Figure 2 overleaf. It can be seen that neither the DP nor the SD carbon contained macropores. The phosphoric acid-activated SD sample exhibited two large peaks, one in the micropore range and the other in the mesopore range. In contrast, the steam-activated DP sample exhibited only one peak which was in the micropore range. The main adsorption characteristics of the carbons are summarized in Table 1 .
It is clear from the data recorded in Table 1 that the two activated carbons possessed different porous structures. The total surface area of carbon SD was 1254 m 2 /g, of which 52% was in the micropore range while 48% was in the mesopore range. The total surface area of DP was 290 m 2 /g, of which 92% and 8% were in the micropore and mesopore ranges, respectively.
The total pore volume of SD was 0.93 cm 3 /g, of which 36% was contained in micropores while the remaining 64% was located in mesopores. The total pore volume of DP was 0.18 cm 3 /g of which 75% was contained in micropores and 25% in mesopores. Generally, the carbon prepared by phosphoric acid activation had a more well-developed porosity than the carbon subjected to steam activation. 
Kinetic studies
The time dependence of the sorption of 60 Co and 134 Cs ions onto DP and SD carbons at 24 Ϯ 1˚C and pH ϭ 7.0 are shown in Figures 3 and 4 , respectively. Preliminary investigation of the effect of time on the adsorption extent showed that DP carbon exhibited a higher removal capacity towards 60 Co in comparison to SD carbon, which exhibited a higher removal capacity towards 134 Cs. As can be seen from Figures 3 and 4 , the amounts of 60 Co and 134 Cs ions adsorbed increased rapidly initially, following which the process slowed down and subsequently attained a constant value for both radionuclides after ca. 3 h. As an approximation, the adsorption of both types of ions may be said to have occurred in two distinct steps, a relatively fast one followed by a slower one.
The slow adsorption process may be due to the diffusion of ions into the pores of the activated carbon. The distinct difference in the sorption rates towards 60 Co and 134 Cs ions may probably be Sorption of 60 Co and 134 Cs Ions from Contaminated Solution onto Activated Carbon 335 related to their speciation in aqueous solution and on the carbon surface. Whilst the univalent Cs ϩ ion is the sole species in aqueous solution, the divalent Co 2ϩ ion can hydrolyze to generate dimeric and tetrameric complexes (Richens 1997). Various kinetic models have been proposed by different researchers in which the adsorption process has been treated as pseudo-first-order (Lagergren 1898), pseudo-second-order (Ho and McKay 1999) and intra-particle diffusion (Weber and Morris 1963) . As seen from the data listed in Table 2 , compared to the pseudo-first-order and intra-particle diffusion models, a good value for the correlation coefficient (R 2 ) was obtained for the application of the pseudo-second-order model to the kinetic data, thereby indicating that the adsorption of 60 Co and 134 Cs ions onto DP and SD carbons followed the pseudo-second-order rate expression. That pseudo-second-order kinetics provided the best fit to the data for the adsorption of 60 Co and 134 Cs ions onto DP and SD carbons indicates that the adsorption rate of 60 Co and 134 Cs ions depended on the concentration of ions at the adsorbent surface, whilst such behaviour over the whole adsorption range is in agreement with chemical adsorption being the rate-controlling step (Gücek et al. 2005 ).
The intra-particle diffusion model requires that plots of the amounts of 60 Co and 134 Cs ions adsorbed versus the square root of time, t 1/2 , are linear. Such plots are shown in Figure 5 overleaf, which indicates that two distinct linear regions were observed; an initial linear portion which was due to boundary layer diffusion effects (Crank 1965) and a second linear portion due to intraparticle diffusion (McKay et al. 1980 ). It should also be observed that the lines do not pass through the origin, indicating that a boundary layer resistance occurred (Yalcin et al. 2004) with the magnitude of the intercept, I, being proportional to the boundary layer thickness (Jain and Sharma 2002). Both intra-particle diffusion and boundary layer diffusion appeared to be significant in the rate-controlling step. Initially, the 60 Co and 134 Cs ions were adsorbed onto the exterior surface of the activated carbon, giving a rapid adsorption rate. Upon saturation of the adsorption sites on the exterior surface, the 60 Co and 134 Cs ions entered into the interior of the activated carbon particles through pores where they were further adsorbed. However, as a result of diffusional resistance, the intra-particle diffusion rate diminished with time (Qadeer 2007 a q t and q e are the amounts adsorbed (mg/g) at time t and at equilibrium, respectively, while k 1 , k 2 and k i correspond to the pseudo-first, pseudo-second and intra-particle diffusion rate constants, respectively.
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The above results reveal that the adsorption of 60 Co and 134 Cs ions onto DP and SD carbons occurred in two stages, corresponding to fast and slow processes. This means that the retention of a radionuclide onto DP and SD carbons can occur via adsorption and/or cation-exchange reactions. It is known that the initial adsorption stage is mainly controlled by film diffusion (external mass transfer). The second, gradual, adsorption stage corresponds to the situation where film diffusion and intra-particle diffusion are operating simultaneously. Figure 6 overleaf shows that increasing the carbon dosage led to a decrease in the equilibrium adsorption capacity (q e ) at a temperature of 24 Ϯ 1 ЊC, a pH value of 7.0 and an equilibrium time of 4 h. A number of factors can contribute to this adsorbent concentration effect. The first, and most important factor, is that as the dosage of the adsorbent increases, the number of adsorption sites remaining unfilled during the adsorption process increases, thereby leading to an apparent decrease in the adsorption capacity. The second factor may be aggregation/agglomeration of the adsorbent particles at higher concentrations, leading to a decrease in the surface area and to an increase in the diffusional path length. Particle interaction at higher adsorbent concentrations may also lead to the desorption of some of the more loosely bound ions from the adsorbent surface (Özacar and Sengil 2005) . As a result, the removal of a given amount of solute can be accomplished with greater adsorbent economy if the solution is treated with separate small batches of adsorbent rather than a single batch, with filtration being undertaken between each stage (Özer et al. 2004) .
Effect of the amount of activated carbon
The decrease in the equilibrium loading capacity, q e , with increasing adsorbent dosage is consistent with the argument that the sites on the carbon surface are heterogeneous. According to the surface-site heterogeneity model, the surface possesses sites which have a spectrum of binding energies. At low adsorbent dosage, all types of sites are available for adsorption and the surface is rapidly saturated. However, at higher particle concentrations, a larger fraction of sites with higher energies remain unoccupied. Hence, at a fixed adsorbate concentration, a greater number of active adsorption sites remain unsaturated (Das et al. 2003) . 
Effect of pH
The pH value of the aqueous solution is an important variable that controls the adsorption of cations onto a carbon surface. This arises because of the change in the surface properties of the carbon and the possible change in the metal ion species present in the aqueous phase with increasing pH. In order to optimize the pH for maximum adsorption efficiency, the adsorption of 60 Co and 134 Cs ions onto DP and SD carbon, respectively, was studied over the pH range 2-8. The results obtained at a temperature of 24 Ϯ 1 ЊC, a carbon dosage of 5 mg/10 mᐉ and an equilibrium time of 4 h are depicted in Figure 7 . 338 T. It will be seen from the data depicted in the figure that the adsorption of both metal ions onto both activated carbons was markedly influenced by the pH of the aqueous solution. Thus, the uptake increased with increasing pH, attained a maximum value at pH 6 and then decreased with further increase in pH. This can be explained on the basis that the prepared activated carbons had different functional groups, such as carboxyl, hydroxy and carbonyl, on their surfaces which could obviously act as active centres for the adsorption of metal ion species. These active centres are likely to be positively charged at very low pH values because of the high proton concentration in the aqueous solution, and consequently hinder the adsorption of metal cations, i.e. hydrogen ions compete effectively with metal cations for binding sites at lower pH values. However, on increasing the pH, dissociation of several functional groups on the adsorbent surface could take place depending upon the pK a value of each group. As a consequence, the negative charge density on the surface would increase, thereby allowing more effective competition of metal cations for the available binding sites. This would lead to an increase in the amount adsorbed up to a maximum value at a pH value of 6. Above this pH value, adsorption would then decrease due to the formation of hydrophilic hydrated metal ions which would exhibit a preference for the solution rather than the surface of the solid adsorbent.
Experimental results showed that the final pH was always less than the initial pH. This indicates that cation-exchange was the primary retention mechanism for cobalt and caesium species over the optimum pH range. The divalent cation (Co 2ϩ ) displace two protons from the adsorbent surface for each metal cation adsorbed, while one proton is exchanged for each of the univalent cations (Cs ϩ ) adsorbed. At a higher pH value, the solubility products of the radionuclide species are exceeded and, hence, they are removed from the solution by precipitation. Consideration should also be taken of the fact that pH adjustment for alkaline solutions was undertaken by the addition of NaOH solution. This would lead to the introduction of Na ϩ as competing ions in the solutions which might decrease the adsorption of Cs ϩ and Co 2ϩ ions when present in excess amount.
Sorption isotherm studies
The experimental adsorption isotherms of both 60 Co and 134 Cs ions onto DP and SD carbons from aqueous solution at a temperature of 24 Ϯ 1 ЊC, a pH value of 6, an equilibrium time of 4 h and a carbon concentration of 5 mg/10 mᐉ are presented in Figure 8 overleaf. The results obtained show that the adsorption of 60 Co and 134 Cs ions onto both activated carbons increased as the initial ionic concentration increased. This behaviour indicates that there were plenty of readily accessible sites available on the surfaces of both adsorbents. Eventually a slow approach to equilibrium at high concentrations occurred. As more sites are filled, it becomes difficult for the solute molecules to find a site for adsorption and/or the difficulty of ions in penetrating the layer of adsorbed metal ion already covering the surface sites increases. As a result, the rate of adsorption decreases giving a plateau which corresponding to a monolayer of adsorbed ions on the surface of the activated carbon.
The shape of the isotherms is the first experimental tool for diagnosing the nature of a specific adsorption phenomenon. Based on the slope of the initial portion of the adsorption curve, Giles et al. (1960) have classified adsorption isotherms into four main groups: L, S, H and C. According to this classification, the isotherms of 60 Co and 134 Cs ions displayed an L-curve pattern. This isotherm shape indicates that the radionuclide ions had such a high affinity for carbon that they were completely adsorbed from dilute solutions, resulting in the initial near-vertical section of the isotherm.
To optimize the design of a sorption system for removing 60 Co and 134 Cs ions from aqueous solution, it is important to establish the most appropriate correlation for the equilibrium curves. The experimental equilibrium data obtained in the present study were modelled using the Langmuir (1916) The Sips isotherm is a combination of the Langmuir and Freundlich isotherm-type models and, as a consequence, would be expected to provide a better description of adsorption onto heterogeneous surfaces. At low adsorbate concentrations, it reduces to the Freundlich isotherm, whilst at high adsorbate concentrations it predicts a monolayer adsorption capacity characteristic of the Langmuir isotherm.
The Langmuir-Freundlich isotherm has generally been applied in the following form (Manocha et al. 2001 ):
( 2) where q e is the amount of radionuclide adsorbed per unit weight of adsorbent at equilibrium (µg/g), q 0 and b are constants related to the maximum adsorption capacity corresponding to complete monolayer coverage and the adsorption energy, respectively, while n represents the heterogeneity of the energetic sites on the adsorbent surface.
The Temkin isotherm takes the interactions between the adsorbing species and the adsorbate into account. This isotherm assumes that the heat of adsorption of all the molecules in the adsorbed layer decreases linearly with coverage due to adsorbent-adsorbate interactions, and that the adsorption is characterized by a uniform distribution of binding energies up to some maximum binding energy value (Kundu and Gupta 2006) . The Temkin isotherm has the following form: where b T ϭ RT/∆Q is related to the heat of adsorption (∆Q ϭ -∆H), R is the universal gas constant [kJ/(mol K)], T is the temperature (K), Q is the adsorption energy (kJ/mol) and K T (ᐉ/µg) is a constant corresponding to the maximum binding energy. The Dubinin-Radushkevich (D-R) isotherm model is more general than the Langmuir isotherm since it does not assume a homogeneous surface or a constant sorption potential. It is usually applied to distinguish between the physical and chemical adsorption of metal ions. The Dubinin-Radushkevich isotherm has the following form:
where q m is the maximum D-R adsorption capacity, ε is the potential energy of the surface as expressed by the relationship ε ϭ RT ln(1 ϩ 1/C e ), and B is the D-R constant related to the mean free energy of sorption per mole of the adsorbate when the latter is transferred to the surface of the solid from infinity in the solution where E ϭ (1/2B) 0.5 (Hasany and Chaudhary 1996) .
The Frumkin equation is one of the simplest equations allowing for lateral interactions and taking account of long-range interactions between adsorbed molecules that may be attractive or repulsive. The Frumkin isotherm may be written as:
( 5) where θ is the fractional occupation of active sites (θ ϭ q e /q m ). If the interaction between the adsorbed molecules is attractive, i.e. a is positive, the heat of adsorption will increase with loading due to the increased interaction between adsorbed molecules. However, if the interaction among the adsorbed molecules is repulsive, i.e. a is negative, the heat of adsorption decreases with increased loading. When there is no interaction between the adsorbed molecules, i.e. a ϭ 0, the Frumkin equation reduces to the Langmuir equation.
The various parameters obtained from the application of the above isotherm models to the experimental data obtained in the present study are listed in Table 3 . In view of the values of R 2 obtained, neither the Freundlich nor the Langmuir isotherms can be said to fit the experimental data for both radionuclides. The Langmuir-Freundlich isotherm gives a good fit (R 2 Ͼ 0.98) followed by the Frumkin isotherm (R 2 Ͼ 0.95). This result may be due to the Langmuir-Freundlich isotherm having three fitting parameters. The q 0 value obtained from the Langmuir-Freundlich isotherm represents the maximum adsorption per unit weight of adsorbent, with adsorption not being restricted to a monolayer as assumed in the Langmuir isotherm. From the value of q 0 , it may be stated that SD carbon had the higher uptake for 134 Cs ions while the DP carbon had the higher uptake for 60 Co ions. The smallest Langmuir-Freundlich value was obtained for radionuclide adsorption onto the SD carbon, while the greatest value of n was obtained for radionuclide adsorption onto DP carbon. This suggests that the SD carbon exhibited an energetic heterogeneity towards the adsorption of both 60 Co and 134 Cs ions, while the DP carbon exhibited an energetically homogeneous surface during the adsorption of both radionuclides. In this regard, the value of E for both ions obtained from the Dubinin-Radushkevich isotherm was within the energy range expected for ion-exchange, i.e. 8-16 kJ/mol (Helferrich 1962) . This observation supports the ion-exchange mechanism proposed above for the adsorption of the radionuclides. The value of the Temkin constant (∆Q) relating to the heat of adsorption of 60 Co and 134 Cs ions onto the DP and SD carbons was estimated to be in the range 8.7-10.6 kJ/mol. This high value indicates strong interaction between the radionuclide ions and the adsorbent surfaces, which again supports the predominance of an ion-exchange mechanism in the adsorption process. This suggestion is reinforced by the role of the solution pH which indicates that the adsorption of the 60 Co and 134 Cs ions is again attributable to an ion-exchange process. Positive values of a obtained from applying the Frumkin isotherm model to the experimental data indicate that an attractive interaction occurred between the adsorbed species (Quan et al. 2001) . In general, this attractive interaction decreased with increasing temperature. The negative values of the Gibbs' free energies (∆G 0 ) calculated from the Frumkin constant (K) indicate that the adsorption of both 60 Co and 134 Cs ions was favoured at higher temperatures, i.e. in accordance with the endothermic nature of the adsorption process (Basar 2006) .
In order to justify the use of DP and SD carbons as effective adsorbents for 60 Co and 134 Cs ions, their adsorption potential must be compared with those reported for other adsorbents. Some materials, such as chitosan, show outstanding radionuclide adsorption capacities compared to the materials reported herein. However, a fair and objective evaluation concerning the potential of any material as an adsorbent at commercial level should take into account its local availability, as this factor is closely related with cost minimization. Egypt has an abundance of available agricultural waste, such as date pits and sawdust, which has very little economic value and, in fact, often creates a serious disposal problem for the local environment. To achieve an economically feasible and effective treatment of metal ion-contaminated water, utilization of such unused resources from agricultural waste as an alternative adsorbent for the removal of 60 Co and 134 Cs ions from aqueous solution is highly desirable. The feasibility of removing 60 Co and 134 Cs ions from aqueous solution by the use of carbon sorbents derived from date pits (DP) and sawdust (SD) has been successfully demonstrated. From the kinetic viewpoint, the adsorption of both 60 Co and 134 Cs ions was a rapid process, with equilibrium being attained within 180 min contact time. The adsorption process has been shown to follow pseudo-second-order kinetics. The quantitative removal of both radionuclides was highly influenced by the solution pH, indicating the importance of pH adjustment as a pretreatment for the removal of 60 Co and 134 Cs ions from radioactive waste solutions using DP and SD carbons. The experimental data were examined via the application of the Langmuir, Freundlich, Langmuir-Freundlich, Dubinin-Radushkevich, Temkin and Frumkin equations. The Langmuir-Freundlich and Frumkin model exhibited better correlation coefficients than the other models tested. On the basis of the model parameters, the adsorption of 60 Co and 134 Cs ions onto both DP and SD carbons was suggested to be an endothermic process controlled by an ionexchange mechanism.
